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Centromeres nucleate the formation of kinetochores and 
are vital for chromosome segregation during mitosis. The 
SNF2 family helicase PICH (Plkl -interacting checkpoint 
helicase) and the BLM (the Bloom's syndrome protein) 
helicase decorate ultrafine histone-negative DNA threads 
that link the segregating sister centromeres during ana- 
phase. The functions of PICH and BLM at these threads are 
not understood, however. Here, we show that PICH binds 
to BLM and enables BLM localization to anaphase centro- 
meric threads. PICH- or BLM-RNAi cells fail to resolve 
these threads in anaphase. The fragmented threads form 
centromeric-chromatin-containing micronuclei in daugh- 
ter cells. Anaphase threads in PICH- and BLM-RNAi cells 
contain histones and centromere markers. Recombinant 
purified PICH has nucleosome remodelling activities 
in vitro. We propose that PICH and BLM unravel centro- 
meric chromatin and keep anaphase DNA threads mostly 
free of nucleosomes, thus allowing these threads to span 
long distances between rapidly segregating centromeres 
without breakage and providing a spatiotemporal window 
for their resolution. 
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Introduction 

Centromeres are special regions of chromosomes that are 
crucial for chromosome segregation in mitosis. On one hand, 
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centromeric chromatin nucleates kinetochore formation in 
mitosis (Cleveland et al, 2003; Przewloka and Glover, 
2009). Kinetochores then serve as the spindle microtubule 
attachment sites and are signalling hubs for the spindle 
checkpoint, a cellular surveillance system that ensures 
the fidelity of chromosome segregation (Cleveland et al, 
2003; Bharadwaj and Yu, 2004; Musacchio and Salmon, 
2007; Yu, 2007). On the other hand, because of the balance 
between cohesin removal and protection mechanisms in 
prophase, centromeres are the major sites of cohesin binding 
at metaphase (Watanabe, 2005) . Centromeric cohesion resists 
the spindle pulling force exerted at the kinetochores and 
prevents premature sister-chromatid separation. Therefore, 
centromeres orchestrate opposing mitotic processes and 
coordinate chromosome segregation in mitosis. 

Mammalian centromeres contain up to megabases of 
tandem satellite DNA repeats (Buscaino et al, 2010; Dalai 
and Bui, 2010). Centromeric DNA is neither necessary nor 
sufficient for the formation of functional centromeres. 
Epigenetic mechanisms contribute significantly to centro- 
mere identity. These mechanisms include characteristic 
histone modifications and the incorporation of the histone 
H3-like protein CENP-A (in place of histone H3) into a 
fraction of nucleosomes in centromeric chromatin (Buscaino 
et al, 2010; Dalai and Bui, 2010). 

Plkl -interacting checkpoint helicase (PICH) was discov- 
ered as a binding protein of the mitotic kinase Plkl (Baumann 
et al, 2007; Leng et al, 2008). It contains an N-terminal 
DNA helicase domain (HD) that is related to the SNF2 
family of helicases, which is generally involved in chromatin 
remodelling and does not catalyse DNA strand separation 
(Saha et al, 2006; Hopfner and Michaelis, 2007). Plkl binds 
to PICH through a phosphorylated Ser-Ser-Pro motif at the 
C-terminal region of PICH (Baumann et al, 2007; Leng et al, 
2008). PICH localizes to kinetochores during prometaphase 
and decorates ultrafine DNA threads in anaphase. When cells 
are directly fixed without manipulations, these threads are 
devoid of histones, cannot be stained with DNA intercalat- 
ing dyes such as DAPI (4 / ,6-diamidino-2-phenylindole), and 
frequently connect separated centromere pairs (Baumann 
et al, 2007; Wang et al, 2008). Because inactivation of 
topoisomerase Hoc (Topo Hoc) increases the frequency and 
persistence of PICH-positive threads in cells, it is highly 
likely that PICH can decorate catenated centromeric DNA 
(Spence et al, 2007; Wang et al, 2008). PICH was also 
proposed to function in the spindle checkpoint (hence its 
name) and to regulate the kinetochore localization of Mad2, 
a key spindle checkpoint protein (Baumann et al, 2007). 
The spindle checkpoint function of PICH was recently called 
into question, however (Hubner et al, 2010). Finally, PICH 
has been shown to regulate abscission (the last step of 
cytokinesis) and chromosome architecture (Kurasawa and 
Yu-Lee, 2010). 
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The Bloom's syndrome protein (BLM) is a DNA helicase that 
unwinds double-stranded DNA and other types of DNA struc- 
tures (Chu and Hickson, 2009). BLM is mutated in Bloom's 
syndrome patients, who develop cancers at a young age, 
among other pheno types. BLM has multiple critical roles in 
DNA repair (Chu and Hickson, 2009). First, BLM suppresses 
homologous recombination (HR) by disrupting the formation 
of displacement loops, a key step in HR (Bachrati et al, 2006; 
Bugreev et al, 2007). Second, as a component of protein 
complex that also consists of topoisomerase Ilia (Topo Ilia), 
RMI1/BLAP75, and RMI2, BLM promotes the dissolution of 
double Holliday junctions to produce non-crossover HR pro- 
ducts (Yin et al, 2005; Raynard et al, 2006, 2008; Wu et al, 
2006; Singh et al, 2008; Xu et al, 2008). As a result, a hallmark 
of BLM-deficient cells is the elevated frequency of sister- 
chromatid exchanges (SCEs) (Chaganti et al, 1974; Luo et al, 
2000), which are crossover products of HR. The second hall- 
mark of BLM-deficient cells is the formation of micronuclei 
(Rosin and German, 1985). It is unclear whether and how the 
functions of BLM in suppressing SCE and in preventing micro- 
nuclei formation are linked. Interestingly, BLM and its asso- 
ciated proteins Topo Ilia and RMI1 also decorate centromeric 
anaphase DNA threads that are positive for PICH (Chan et al, 
2007) . The function of BLM at these DNA threads is unknown. 

In this study, we identify BLM as a binding partner of 
PICH. Unlike BLM depletion, PICH depletion does not elevate 
SCE, suggesting that PICH might not be required for the DNA 
repair function of BLM in interphase. PICH- and BLM-RNAi 
cells fail to resolve anaphase threads properly, leading to their 
breakage and micronuclei formation in daughter cells. 
Consistent with the fact that the majority of PICH- and 
BLM-positive anaphase threads connect segregating centro- 
meres, about 50% of the micronuclei in PICH- and BLM-RNAi 
cells contain centromere markers. Most importantly, the 
unresolved anaphase threads in PICH-RNAi and BLM-RNAi 
cells contain histones. Furthermore, recombinant PICH has 
nucleosome remodelling activity in vitro. We propose that 
PICH and BLM collaborate to unravel centromeric chromatin 
into fully extended and stretched DNA threads and maintain 
these threads in a nucleosome-free state, thus allowing 
them to span long distances between rapidly segregating 
sister centromeres during anaphase without breakage. This 
mechanism then affords a spatiotemporal window for Topo II 
and other DNA repair enzymes to access and resolve cate- 
nated or other aberrant DNA structures at the midpoint of 
these threads. 

Results 

Identification of BLM as a PICH-binding protein 

We first confirmed that multiple siRNAs against PICH 
depleted Mad2 through off-target effects in HeLa cells, and 
that PICH was not required for the spindle checkpoint (data 
not shown). To explore the functions of PICH, we immuno- 
precipitated the endogenous PICH from log-phase HeLa cells 
using an anti-PICH antibody (Figure 1A). Mass spectrometry 
analysis revealed that the major band present in the anti- 
PICH immunoprecipitates (IP) contained PICH and BLM. The 
sequence coverage of PICH and BLM by mass spectrometry 
was 70 and 26%, respectively. Immunoblotting confirmed 
that BLM was indeed present in anti-PICH IP (Figure IB). 
The PICH-BLM interaction was present in Gl/S, increased 
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in mitosis, and decreased during mitotic exit (Figure IB). 
PICH also interacted with Plkl and became hyperphosphory- 
lated in mitosis, confirming published reports (Baumann 
et al, 2007; Leng et al, 2008). 

BLM forms a complex with Topo Ilia, RMI1, and RMI2, 
some of which also decorate anaphase threads (Chan et al, 
2007). RMI1 was present in anti-PICH IP in all cell cycle 
stages tested (Figure IB). The endogenous PICH, BLM, and 
RMI1 in HeLa cells co-fractionated on a gel filtration column 
(Figure 1C). The hyperphosphorylated PICH appeared to co- 
fractionate more precisely with BLM. The native molecular 
mass of this complex was 503 kDa, which fitted well with a 
calculated molecular mass of 498 kDa of a complex contain- 
ing one molecule each of PICH, BLM, Topo Ilia, RMI1, and 
RMI2. Therefore, although our mass spectrometry analysis 
failed to identify Topo Ilia, RMI1, or RMI2 in anti-PICH IP 
from log-phase cells, RMI1 and possibly other BLM-binding 
proteins interacted with PICH in mitosis. There were no good 
commercially available antibodies against Topo Ilia and 
RMI2, precluding us from testing their binding to PICH. The 
bulk of Plkl did not co-fractionate with the PICH-BLM 
complex (Figure 1C). A recent proteomic study also identified 
components of the BLM complex as PICH-interacting proteins 
in mitosis (Hutchins et al, 2010) . 

To test whether PICH bound to BLM in the absence of other 
components of the complex, we co-expressed PICH and BLM 
in Sf9 insect cells. Recombinant PICH and BLM co-fractio- 
nated on a gel filtration column at a native molecular mass of 
340 kDa, consistent with the two forming a 1:1 heterodimer 
(Supplementary Figure SI). Furthermore, recombinant PICH 
and BLM could be co-immunoprecipitated. Therefore, PICH 
and BLM directly interacted with each other in this hetero- 
logous system. 

PICH contains an N-terminal SNF2 HD and a C-terminal 
non-HD. To further map the BLM-binding region of PICH, 
we constructed several Myc-PICH truncation mutants, ex- 
pressed them in HeLa cells, and tested their interactions with 
the endogenous BLM (Figure 2). As expected, the full-length 
Myc-PICH interacted with endogenous BLM. The C-terminal 
non-HD of PICH, Myc-PICHg, also interacted with BLM, 
suggesting that the C-terminal non-HD mediates BLM binding. 
Even though it was expressed at much higher levels, Myc- 
PICHg pulled down less BLM than did full-length Myc-PICH, 
suggesting that the N-terminal HD of PICH also contributed to 
BLM binding. We could not ascertain whether the N-terminal 
HD of PICH on its own bound to BLM, because the fragment 
encompassing the HD, Myc-PICHf, did not express well in 
HeLa cells. Regardless, these results further confirmed a 
physical interaction between PICH and BLM. 

PICH and BLM co-localize to ultrafine DNA threads in 
anaphase (Chan et al, 2007). We confirmed that PICH loca- 
lized to kinetochores during prometaphase and to fine 
threads in anaphase (Figure ID; Supplementary Figure S2). 
We also observed BLM localization to anaphase threads 
(Figure ID). These PICH and BLM threads were DAPI-nega- 
tive and frequently connected centromeres (Figure ID). PICH 
and BLM also formed foci on anaphase chromosomes that did 
not stain with the centromere marker CREST (Figure ID; see 
also Figure 5B and D, below). The nature of these foci was 
not further investigated, but they might be related to the 
fragile site foci that were positive for Fanconi anaemia 
proteins (Chan et al, 2009; Nairn and Rosselli, 2009). 

©2011 European Molecular Biology Organization 



PICH and BLM limit histone association 

Y Ke et al 



Marker IgG a-PICH 



kDa 

200 - 

150 - 

100 - 
75 - 

50 - 
37 • 

25 
20 
15 
10 



it 



PICH 

7 -T~ (70% coverage) 
BLM 

(26% coverage) 



kDa 670 503 158 44 18 

♦ I ♦ t ♦ 

11 12 1314 15 16171819 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 Fraction # 



- IgG HC 

- IgG LC 



<«- PICH-P 
«-PICH 

<- BLM 



-RMI1 
•Plk1 



B 



a-PICH 



PICH/CREST/DNA 



Lysate 



IgG 



a-PICH IP 



Noc. release Noc. release Noc. release 



>^ LO ^ LO LO 

Blot KOdl 24h06l 2 4h0o1 24 (h) 

-PICH-P 



a-PICH 
a-BLM 

a-RMI1 
a-Plk1 



-PICH 
Dark 



Light 
l]Dar k 

Light 



a-BLM 



BLM/CREST/DNA 




Figure 1 Identification of BLM as a PICH-binding protein. (A) Control IgG and anti-PICH IP from HeLa Tet-On cells were resolved by SDS- 
PAGE and stained with colloidal Coomassie blue. The molecular mass of markers is labelled. The sequence coverage of PICH and BLM in mass 
spectrometry is indicated. (B) Lysates, control IgG IP, or anti-PICH IP of HeLa Tet-On cells arrested in Gl/S by thymidine (Thy) or at different 
times (hours) following the release from nocodazole-triggered mitotic arrest were blotted with the indicated antibodies. A cross-reacting band 
in the oc-RMIl blot is indicated with an asterisk. The positions of hyperphosphorylated and hypophosphorylated PICH are labelled. Light 
exposures of the a-BLM and a-RMIl blots are included to better reveal their decrease in PICH binding during mitotic exit. (C) Lysates of 
nocodazole-arrested mitotic HeLa cells were fractionated on a Superose 6 column. The fractions were analysed by SDS-PAGE followed by 
immunoblotting with the indicated antibodies. The positions of hypophosphorylated and hyperphosphorylated forms of PICH are labelled. The 
faster migrating band in the a-BLM blot is derived from BLM, as it was depleted by BLM siRNA. A cross-reacting band in the a-RMIl blot is 
indicated with an asterisk. The elution positions of the molecular mass standards are indicated. (D) HeLa Tet-On cells in anaphase were stained 
with anti-PICH or anti-BLM along with CREST (a centromere marker) and DAPI (stains DNA) . In the overlay images, anti-PICH/BLM staining is 
in red. CREST staining is in green. DAPI staining is in blue. The PICH and BLM threads are magnified in the insets. Scale bars, 5 um. 



B 



Myc-PICH 



K128 



Human PICH 



1 — 91 Helicase 643- 



a 



260 



261 



585 



586- 



T1063 ^ a b c d e f g 

-i 1250 -MyclP jj^^jj 



Lysate ^ 



- 790 



791 ■ 



1001 
790 



- 1000 
e 



791 



1 250 Lysate 



1250 




«- a-BLM 
«- a-BLM 



- a-Myc 



Figure 2 The C-terminal region of PICH binds to BLM. (A) Schematic drawing of the domain structure of human PICH. K128 is critical for ATP 
binding and for the helicase activity of PICH. Phosphorylation of T1063 creates a docking site for Plkl. The boundaries of the PICH truncation 
mutants are shown. (B) HeLa Tet-On cells were transfected with plasmids encoding either wild-type (WT) Myc-PICH or Myc-PICH truncation 
mutants described in (A). Lysates and anti-Myc IP of these cells were blotted with the indicated antibodies. 



PICH depletion does not increase SCE 

BLM-deficient cells exhibit two major phenotypes: (1) elevated 
SCE and (2) micronuclei formation (Chu and Hickson, 2009) . 
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We first tested whether PICH was required for suppressing 
SCE. As expected, depletion of BLM in HeLa cells markedly 
elevated the frequency of SCE (Figure 3). By contrast, depletion 

The EMBO Journal VOL 30 | NO 1 6 | 201 1 331 1 



PICH and BLM limit histone association 

Y Ke et al 



o 1 CD 

2 CO CO 



-a-PICH 

- a-BLM 

- a-Tubulin 



B 



Control 



VWV .AN 



o 
E 
2 
o 

8 
\ 

LU 

O 
(/) 



100 
80 
60 
40 
20 



a 



4* 



siBLM 



siPICH 



% 



Figure 3 PICH is not required for suppressing SCE. (A) Lysates of HeLa Tet-On cells mock transfected or transfected with siPICH or siBLM were 
blotted with the indicated antibodies. (B) Representative metaphase spreads from the SCE assays of mock RNAi, BLM-RNAi, and PICH-RNAi 
HeLa Tet-On cells. The SCE events are indicated with arrows. A sister-chromatid pair from each metaphase spread is magnified and shown in 
insets. Scale bars, 10 |im. (C) Quantification of the number of SCE events per 100 chromosomes in cells either mock transfected or transfected 
with siBLM, siPICH, or both. Mean and s.d. of three independent experiments are shown. 



of PICH did not alter the SCE frequency. In this and all sub- 
sequent PICH-RNAi experiment, we primarily used siPICH4, 
as it did not deplete Mad2. Co-depletion of PICH and BLM 
did not further increase SCE frequency as compared with 
BLM depletion alone. Consistently, PICH and BLM did not 
co-localize well in interphase cells (Supplementary Figure S3) . 
Therefore, PICH does not appear to be required for the 
function of BLM in suppressing SCE, although we cannot 
rule out the possibility that the residual amount of PICH in 
PICH-RNAi cells is sufficient to perform this function. 

PICH depletion increases the frequency of micronuclei 
formation 

We next examined whether PICH was required to prevent 
micronuclei formation. Depletion of BLM expectedly caused 
micronuclei formation in about 20% of the cells (Figure 4A; 
Supplementary Figure S4A) . Depletion of PICH also resulted 
in micronuclei formation in about 20-30% of the cells. 
Furthermore, co-depletion of PICH and BLM did not mark- 
edly increase the percentage of cells containing micronuclei 
(Figure 4A), suggesting that PICH and BLM might function 
in the same pathway to suppress micronuclei formation. 
Importantly, ectopic expression of RNAi-resistant untagged 
or GFP-tagged PICH proteins greatly reduced the percentage 
of micronuclei-positive PICH-RNAi cells (Figure 4B; Supple- 
mentary Figure S4B). We also created stable HeLa Tet-On 
cell lines that expressed siRNA-resistant Myc-PICH driven by 
the doxycycline-inducible promoter. Induced expression of 
Myc-PICH at a level lower than that of the endogenous PICH 
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also partially rescued the micronuclei phenotype caused by 
siPICH4 transfection (Supplementary Figure S4C and D). 
These results indicate that the observed micronuclei pheno- 
type of PICH-RNAi cells requires inactivation of the PICH 
protein and is not due to off-target effects. Moreover, deple- 
tion of Topo Ilia, RMI1, or RMI2 by RNAi also caused micro- 
nuclei formation (Supplementary Figure S4E). Therefore, 
PICH is required for suppressing micronuclei formation and 
possibly acts in the same pathway as do BLM and other 
components in the complex. 

To further probe how micronuclei form in PICH- and BLM- 
RNAi cells, we performed live cell imaging experiments. 
HeLa cells stably expressing H2B-mCherry and GFP-tubulin 
were transfected with siRNAs against PICH or BLM and 
monitored with time-lapse microscopy. Mock-transfected 
cells performed mitosis normally, rarely forming micronuclei 
(Supplementary Figure S5A). PICH-RNAi cells, however, 
often contained thin H2B-mCherry threads at the cleavage 
furrow in anaphase (Supplementary Figure S5B; Figure 4C). 
As illustrated in Figure 4C, a representative PICH-RNAi 
cell contained a short H2B-mCherry thread in anaphase 
at 25min after mitotic entry. This thread broke, producing 
two micronuclei in telophase (at 50min after mitotic entry). 
Each daughter inherited one micronucleus. Similar fashions 
of micronuclei formation were observed for BLM-RNAi 
cells (Supplementary Figure S5C). Thus, one mechanism of 
micronuclei formation in PICH- and BLM-RNAi cells is the 
breakage of thin chromatin threads. Consistently, two adja- 
cent cells that both contained micronuclei were frequently 
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Figure 4 PICH prevents formation of centromere-positive micronuclei. (A) Quantification of the percentage of micronuclei-containing HeLa 
Tet-On cells either mock transfected or transfected with siPICH, siBLM, or both. Mean and s.d. of three independent experiments are shown. 
(B) Ectopic expression of untagged PICH or GFP-PICH rescues the micronuclei phenotype of PICH-RNAi cells. Quantification of the percentage 
of micronuclei-containing HeLa Tet-On cells mock transfected or transfected with siPICH together with empty vector or plasmids encoding GFP 
or siPICH4-resistant PICH or GFP-PICH. Mean and s.d. of three independent experiments are shown. (C) Live cell imaging of PICH-RNAi HeLa 
Tet-On cells expressing H2B-mCherry (pseudo-coloured green) and GFP-tubulin (coloured red). Images at 25 and 60 min after NEBD are shown. 
Images from additional time points are shown in Supplementary Figure S6B. The H2B thread and micronuclei are magnified and shown in 
insets. Scale bar, 10 um. (D) Representative images of PICH-RNAi cells stained with DAPI (green in overlay) and CREST (red in overlay). Two 
CREST-positive micronuclei are magnified and shown in insets. Scale bars, 10 um. 



observed in immuno staining of fixed cells (Supplementary 
Figure S4A). These two cells were likely the two daughter 
cells resulting from the same cell division. 

Because both PICH and BLM localized to DNA threads in 
anaphase, it was possible that their inactivation led to a 
failure to resolve these threads. Consistent with the fact 
that the majority of the PICH- and BLM-positive threads 
were derived from centromeres (Baumann et al, 2007; Chan 
et al, 2007), about 50% of the micronuclei in control, PICH-, 
and BLM-RNAi cells were positive for the centromere marker, 
CREST (Figure 4D). Therefore, our results suggest that PICH 
and BLM localize to centromeric DNA threads in anaphase 
and collaborate to resolve these threads. 

PICH is required for BLM recruitment to anaphase 
threads 

We examined the kinetics of PICH and BLM recruitment 
to anaphase threads using live cell imaging. HeLa cells 
were transfected with mCherry-PICH and GFP-BLM and 
observed with time-lapse microscopy (Figure 5A). Similar 
to the endogenous PICH, mCherry-PICH localized to chromo- 
somes at prometaphase and metaphase while GFP-BLM was 
largely absent from chromosomes at these stages. Thus, PICH 
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localization to chromosomes preceded that of BLM. At 3 min 
after anaphase onset, both mCherry-PICH and GFP-BLM 
co-localized to an anaphase thread. The PICH/BLM-positive 
thread disappeared 3 min later and became a single PICH/ 
BLM focus. This result suggests that the localization of PICH 
and BLM to anaphase threads and such threads are transient. 

We next tested whether PICH and BLM depend on each 
other for localization to anaphase threads. Depletion of 
BLM did not affect the percentage of anaphase cells that 
contained PICH-positive threads (Figure 5B and C). Thus, 
BLM is dispensable for PICH localization to anaphase 
threads, consistent with previous reports (Chan et al, 2007) . 
By contrast, depletion of PICH markedly decreased the 
percentage of anaphase cells that had BLM-positive threads 
(Figure 5D and E). The representative PICH-RNAi cell 
contained DAPI-positive threads, but did not have BLM- 
positive threads (Figure 5D). Therefore, PICH is required for 
BLM localization to anaphase threads. 

Anaphase threads in PICH- and BLM-RNAi cells contain 
histones 

In unperturbed anaphase cells and without further mani- 
pulation, the PICH/BLM-positive threads lack histones and 
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Figure 5 PICH is required for BLM localization to anaphase threads. (A) Live cell imaging of HeLa Tet-On cells transfected with plasmids 
encoding mCherry-PICH (red in overlay) and GFP-BLM (green). Images at 27, 30, and 33min after NEBD are shown. The PICH/BLM-positive 
thread and foci are magnified and shown in insets. Note that overexpressed PICH tended to form cytoplasmic foci (indicated with an asterisk), 
which also contained BLM at the 30- and 33-min time points. Scale bar, 10 um. (B) Mock-transfected or BLM-RNAi HeLa Tet-On cells were 
stained with anti-PICH (red in overlay) and DAPI (green in overlay) . Scale bars, 10 um. (C) Quantification of the percentage of anaphase cells 
transfected with the indicated siRNAs that contained PICH threads. Mean and s.d. of three independent experiments are shown. (D) Mock- 
transfected or PICH-RNAi HeLa Tet-On cells were stained with anti-BLM (red in overlay) and DAPI (green in overlay). A DAPI-positive 
anaphase thread is shown in inset. Scale bars, 10 um. (E) Quantification of the percentage of anaphase cells transfected with the indicated 
siRNAs that contained BLM threads. Mean and s.d. of three independent experiments are shown. 



cannot be stained with DAPI. Surprisingly, we were able 
to observe micronuclei formation in PICH- and BLM-RNAi 
cells by monitoring H2B-mCherry (Figure 4C; Supplementary 
Figure S5). This finding suggested that the unresolved 
threads in PICH- and BLM-RNAi cells contained histones. 
To confirm this finding, we fixed PICH-RNAi H2B-GFP cells 
and stained them with DAPI, CREST, and anti-PICH. About 
25% of PICH-RNAi cells in anaphase contained threads that 
were positive for histones (Figure 6A). In rare cases, we 
observed anaphase threads decorated by centromere markers 
not only at the ends but also along its length (Figure 6B), 
suggesting that the unresolved anaphase threads in PICH- 
RNAi cells contained stretched centromeric chromatin. This 
type of centromeric threads was not observed in control 
cells. We also stained BLM-RNAi H2B-GFP cells with DAPI, 
CREST, and anti-PICH. Similar to PICH-RNAi cells, about 
20% of BLM-RNAi anaphase cells contained histone-positive 
threads (Figure 6A). The percentages of anaphase PICH- 
and BLM-RNAi cells containing H2B threads correlated well 
with the percentages of these cells that formed micronuclei 
(see Figure 4A) . 

Because BLM was not required for PICH localization 
to anaphase threads, we were able to visualize the PICH 
threads in BLM-RNAi cells. About 44% (37 out of 84) PICH- 
positive threads contained histones whereas none of the 
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PICH threads in control cells contained histones or DAPI 
(Figure 6C and D; Supplementary Figure S6A), indicating 
that BLM was required to prevent histone association with 
these threads. Because the two major segregating masses 
of chromosomes overlapped during early anaphase, it 
was difficult to ascertain whether PICH threads contained 
histones at this stage or they simply overlapped with the 
bulk of histone signals by chance. For this reason, we only 
analysed PICH threads in late anaphase to determine if 
they contained histones. Importantly, all PICH threads with 
histones could also be stained with DAPI (Figure 6C) . 

Certain PICH threads in BLM-RNAi cells were stained 
with centromere markers in their entire length (Figure 6C, 
top panel) . Finally, PICH-positive threads in BLM-RNAi cells 
persisted till telophase, even after chromosome decondensa- 
tion (Supplementary Figure S6B). These threads were non- 
contiguous and exhibited punctuated staining of centromere 
markers along their length. Our findings are consistent with a 
role of the PICH-BLM complex in remodelling centromeric 
chromatin and in preventing the association of histones 
and possibly CENP-A with these threads. In the absence of 
their functions, the anaphase threads are packaged into 
centromeric chromatin and cannot be efficiently resolved 
before breakage. Finally, other mechanisms likely contribute 
to micronuclei formation. For example, the BLM-RNAi cell 
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Figure 6 PICH and BLM prevent histone association with anaphase threads. (A) Quantification of the percentage of H2B-thread-containing 
anaphase HeLa Tet-On cells stably expressing H2B-GFP transfected with the indicated siRNAs. (B) A representative anaphase PICH-RNAi cell 
stained with CREST. An anaphase thread decorated with CREST is magnified and shown in inset. Scale bar, 5 urn. (C) Two representative 
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coloured green, red, and blue, respectively. PICH threads are magnified and shown in insets. Scale bars, 5 um. (D) Statistics of the number of 
PICH threads and the percentage of PICH threads with histone H2B and DAPI in mock or BLM-RNAi anaphase HeLa cells. 



contained a lagging chromosome fragment without centro- 
meres (Figure 6C, top panel; indicated with an asterisk), 
which may form a micronucleus without centromere markers 
in the daughter cell. 

We next examined the PICH threads in BLM-deficient 
cells (PSNG13) and in stable transfectants of BLM-deficient 
cells that expressed a functional BLM transgene (PSNF5). 
Compared with PSNG13 cells, PSNF5 cells had fewer SCE 
events per chromosome (Figure 7A), confirming that PSNF5 
cells had functional BLM. Consistent with a previous study, 
PSNF5 cells contained fewer PICH threads per anaphase 
cells (Figure 7B). By contrast, there was no appreciable 
difference in the number of PICH threads between control 
and BLM-RNAi HeLa cells (Figure 6D). The underlying 
reason for this discrepancy was not clear. One possibility 
was that BLM depletion in HeLa cells was incomplete. 
The residual BLM was sufficient to promote the resolution 
of some PICH-positive threads, which failed to accumulate 
in BLM-RNAi cells. 

Importantly, the BLM-deficient cells (PSNG13) contained 
more and higher percentage of PICH threads that were 
positive for DAPI (Figure 7B and C), as compared with 
PSNF5 cells, confirming the results in BLM-RNAi HeLa 
cells. We could not co-stain these cells with both antibodies 
against PICH and histones, as the commercially available 
monoclonal antibodies against bulk histones did not work in 
IF. On the other hand, all PICH-/DAPI-positive threads in 
BLM-RNAi cells contained H2B-GFP, and vice versa. Thus, 
the PICH-/DAPI-positive threads in BLM-deficient PSNG13 
cells likely contained histones. 



Recombinant PICH has nucleosome remodelling activity 

PICH has an SNF2 HD. Structural modelling with Rad54 as 
the template suggested that the HD of PICH adopts a classical 
SNF2 helicase fold with two RecA-like lobes (N RecA and 
C RecA) and two helical domains (HD1 and HD2) (Thoma 
et al, 2005) (Figure 8A). Because K128 of PICH in the glycine- 
rich loop is critical for ATP binding, mutations of K128 are 
expected to diminish the helicase activity of PICH. Ectopic 
expression of GFP-PICH wild type (WT), but not GFP-PICH 
K128A, effectively rescued the micronuclei formation pheno- 
type of PICH-RNAi cells (Figure 8B). This result indicates that 
the helicase activity of PICH is required to prevent micro- 
nuclei formation. Consistently, this helicase-deficient PICH 
K128A mutant was less efficient in forming anaphase threads 
when the endogenous PICH was depleted (Supplementary 
Figure S7). 

The SNF2 family of helicases is typically involved in 
chromatin remodelling by translocating on DNA and does 
not generally catalyse strand separation of duplex DNA. We 
first verified that PICH indeed did not catalyse strand separa- 
tion of duplex DNA in a classical helicase assay (Figure 8C) . 
PICH also did not stimulate the helicase activity of BLM in 
this assay. We thus tested whether PICH had nucleosome 
remodelling activity. We incubated PICH WT, PICH K128A, 
and the HD of PICH (PICH HD) with reconstituted nucleo- 
somes that contained a 32 P-labelled DNA fragment in the 
presence of ATP or ATPyS (a non-hydrolyzable ATP analo- 
gue), and subjected the reaction mixtures to electrophoretic 
mobility shift assay (Figure 8D and E). As positive controls 
in this assay, the RSC (remodelling structure of chromatin) 
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Figure 7 BLM is required for anaphase thread resolution. (A) Quantification of SCE in PSNG13 (BLM—) and PSNF5 (BLM + ) cells. 
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complex and Chdl (chromodomain helicase DNA-binding 
protein 1) efficiently remodelled nucleosomes. RSC primarily 
moved nucleosomes to border positions on the DNA 
(Figure 8E, lane 12) whereas Chdl (an SNF2 family helicase) 
repositioned nucleosomes towards the centre of the DNA 
(Figure 8E, lane 13). PICH WT exhibited dose-dependent 
nucleosome remodelling activity in this assay that required 
ATP hydrolysis (Figure 8E, lanes 2-5). As expected, this 
activity was greatly diminished in the PICH K128A mutant 
(Figure 8E, lanes 6-8). The HD of PICH (PICH HD) alone was 
also inactive (Figure 8E, lanes 9-11), indicating that the 
C-terminal non-HD of PICH was required for this activity. 
Furthermore, similar to Chdl, PICH moved nucleosomes 
towards central positions on DNA. Taken together, these 
results demonstrate that PICH is a chromatin remodelling 
enzyme. 

Histone incorporation into anaphase threads also occurs 
in BLM-RNAi cells, indicating that BLM is required for the 
chromatin remodelling function of PICH in vivo. Furthermore, 
BLM is known to stimulate the nucleosome remodelling 
activity of Rad54, another SNF2 helicase, and this stimulation 
does not involve the helicase activity of BLM (Srivastava 
et al, 2009). We thus tested whether BLM stimulated the 
nucleosome remodelling activity of PICH. We co-expressed 
PICH and BLM (or its helicase-dead mutant; BLM HD) in Sf9 
cells and partially purified the resulting complexes (Supple- 
mentary Figure S8A). The PICH-BLM complexes exhibited 
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nucleosome remodelling activities similar to that of PICH 
alone (Supplementary Figure S8B) . Thus, BLM binding does 
not stimulate the activity of PICH in vitro. 

Discussion 

Centromeres are vital for chromosome inheritance and stabi- 
lity. In this study, we have demonstrated a role of the PICH- 
BLM helicase duo in the maintenance of centromere integrity. 
Our results suggest that PICH and BLM collaborate to limit 
histone incorporation into fine DNA threads connecting the 
separating sister centromeres in anaphase, allowing these 
threads to stretch and span long distances without breakage 
(Figure 9) . In so doing, they promote the resolution of these 
threads by providing a spatiotemporal window for DNA 
repair enzymes. Inactivation of this pathway leads to packa- 
ging of centromeric DNA in the ultrafine threads into chro- 
matin fibres, resulting in the breakage of these DNA threads 
in telophase and micronuclei formation in daughter cells. 

Structure of the anaphase centromeric DNA threads 

Three types of DNA structures have been proposed for 
these DNA threads: (1) concatenated DNA, (2) replica- 
tion intermediates, and (3) recombination intermediates 
(e.g. Holliday junctions) (Chan et al, 2007; Wang et al, 
2008). Induction of replication stress by aphidicolin caused 
a modest increase of the number of centromeric anaphase 
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Figure 8 PICH has nucleosome sliding activity. (A) Ribbon diagram of a homology-based structure model of the HD of PICH. The model 
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5 urn DNA = 15 kb DNA; 5 urn 10-nm fibre = 90 kb DNA; 5 um 30-nm fibre = 600 kb DNA 

Figure 9 Model of PICH/BLM-dependent resolution of anaphase centromeric DNA threads. In this model, PICH and BLM collaborate to keep 
anaphase DNA threads largely free of nucleosomes, providing a spatiotemporal window for Topo II and possibly other DNA repair enzymes to 
resolve catenated DNA or other aberrant DNA structures. 
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threads (Nairn and Rosselli, 2009), suggesting a minor con- 
tribution of replication intermediates in the formation of 
these threads. RNAi depletion of Rad51, a key enzyme in 
HR, does not reduce the number of centromeric anaphase 
threads (YK and HY, unpublished results), which disfavours 
the involvement of recombination intermediates in these 
threads. Finally, inactivation of Topo II, an enzyme that 
catalyses DNA decatenation, greatly increases the number 
of centromeric PICH/BLM threads (Spence et al, 2007; 
Wang et al, 2008) . Therefore, the available evidence suggests 
that most PICH/BLM-positive centromeric anaphase threads 
represent catenated DNA (Figure 9). 

DNA catenation is formed as a result of DNA replication 
and must be resolved to allow proper sister-chromatid 
separation (Wang, 2002). DNA decatenation and cohesin 
removal need to be coordinated (Yanagida, 2009) . Depletion 
of the centromeric cohesin protector Sgol by RNAi causes 
precocious dissociation of cohesin from centromeres and 
premature sister-chromatid separation (Kitajima et al, 2004; 
Salic et al, 2004; Tang et al, 2004, 2006; McGuinness et al, 
2005). Sgol -RNAi cells contain much more PICH-positive 
threads as compared with control cells (Baumann et al, 
2007), suggesting that DNA decatenation cannot keep pace 
when cohesin removal is ahead of schedule. Conversely, 
cohesin removal might be required for complete decatenation 
of centromeric DNA (Wang et al, 2010). Therefore, it is 
possible that DNA decatenation has not been completed 
at certain centromeres when the sister centromeres have 
separated in anaphase. PICH and BLM then decorate these 
catenated DNA threads and promote their resolution in 
anaphase. 

Some PICH/BLM-positive threads are derived from 
chromosome arms (Chan et al, 2009; Nairn and Rosselli, 
2009). These non-centromeric threads are also positive for 
FANC-D2. Formation of these threads is greatly enhanced 
by replication stress, suggesting that they might represent 
replication intermediates (Chan et al, 2009; Nairn and 
Rosselli, 2009). BLM has been shown to have a role in 
the resolution of these threads following replication stress 
(Chan et al, 2009; Nairn and Rosselli, 2009). Future studies 
will determine whether PICH is also required for this process. 

Resolution of anaphase threads by PICH and BLM 

In this study, we show that PICH and BLM are components of 
a large multisubunit complex in mitosis. BLM has multiple 
roles in DNA repair (Chu and Hickson, 2009) . BLM-deficient 
cells exhibit several characteristic phenotypes, including 
elevated frequency of SCE and micronuclei formation. We 
show that, unlike BLM-RNAi cells, PICH-RNAi cells do not 
exhibit a higher frequency of SCE, suggesting that PICH might 
not regulate BLM function in interphase. Instead, PICH and 
BLM co-localize to and promote resolution of DNA threads 
connecting segregated sister centromeres in anaphase and 
are required for their resolution. Without proper functions 
of PICH and BLM, breakage of the unresolved threads 
in telophase leads to the formation of micronuclei in 
daughter cells. These micronuclei frequently contain centro- 
mere markers, consistent with the fact that >50% of the 
PICH/BLM-positive anaphase threads connect centromeres. 
Our studies suggest that PICH specifically regulates the 
mitotic function of BLM. Because PICH inactivation does 
not increase SCE, but yet causes micronuclei formation, the 
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functions of BLM in suppressing SCE and in preventing 
micronuclei formation can be uncoupled. 

The PICH-BLM complex as a chromatin remodelling 
enzyme 

How do PICH and BLM promote the resolution of centromeric 
anaphase threads? In one model, PICH recruits the BLM-Topo 
IIIa-RMIl-RMI2 complex to anaphase threads. The BLM 
complex then resolves these catenated DNA threads. We 
disfavour this model for two reasons. First, although BLM 
and its associated Topo Ilia have been shown to unwind and 
dissolve many DNA structures, including double Holliday 
junctions and replication intermediates, there are no demon- 
strated functions for the BLM complex in DNA decatenation 
(Chu and Hickson, 2009). In fact, the BLM complex is 
unlikely to have decatenation activity against fully catenated 
DNA, as Topo Ilia is a type IA topoisomerase that only 
catalyses the passing of one DNA single strand through 
another (Wang, 2002). Second, DNA catenation or other 
aberrant DNA structures are expected to occur only at or 
near the midpoint of each thread (Figure 9). If the sole 
function of BLM is to directly act on these aberrant structures, 
it is not apparent why PICH and BLM need to decorate the 
entire length of the thread. 

Centromeric DNA threads in unperturbed anaphase cells 
do not contain histones. Unexpectedly, PICH-/BLM-RNAi 
cells contain thin histone/CREST-positive chromatin threads 
that connect centromeres. In particular, when BLM function 
is compromised, PICH-positive threads contain histones and 
centromere markers. Our results suggest that PICH and BLM 
are required to unravel centromeric chromatin to produce or 
maintain the nucleosome-free state of centromeric DNA 
threads. PICH has nucleosome remodelling activity in vitro, 
and the helicase activity of PICH is required to prevent 
micronulei formation in vivo. Therefore, our results are 
more consistent with an alternative 'chromatin unravelling' 
model (Figure 9). 

In this model, PICH, BLM, and other components in the 
complex collaborate to unravel centromeric chromatin and 
produce nucleosome-free, catenated DNA threads connecting 
segregating centromeres. They decorate these threads along 
their entire length to prevent histone association and nucleo- 
some formation. The relaxation of centromeric chromatin 
allows mere 15kb of DNA from each centromere to form a 
5-|im loop and to readily span the distance of rapidly separ- 
ating sister centromeres. This mechanism thus provides a 
temporal and spatial window for Topo II and other DNA 
repair enzymes to resolve DNA catenation and other aberrant 
DNA structures. Inactivation of the PICH-BLM pathway leads 
to failure to produce or maintain the nucleosome-free state of 
these DNA threads, causing their compaction into centro- 
meric chromatin and increasing the possibility of their break- 
age before resolution. 

This model is consistent with the fact that PICH and BLM 
are found on several types of anaphase threads that presum- 
ably contain different, aberrant DNA structures. This model 
also provides possible explanations for the necessity of 
PICH and BLM to decorate the entire length of the ultrafine 
DNA threads and for the roles of BLM and Topo Ilia in 
resolving catenated DNA, through their putative functions 
in stimulating the chromatin remodelling activity of PICH. 
BLM alone is insufficient to stimulate the activity of PICH 
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in vitro, suggesting that other components of this complex 
or post-translational modifications or both might be required 
for this process. Our model is not mutually exclusive with 
the possibility that BLM as a part of this complex directly 
resolves certain aberrant DNA structures in anaphase 
threads, such as incompletely replicated DNA or recombina- 
tion intermediates. 

In conclusion, we have demonstrated a functional require- 
ment for PICH and BLM in the resolution of centromeric 
anaphase threads and consequently in the maintenance 
of centromere integrity. We provide evidence to further 
suggest that PICH and BLM promote the resolution of DNA 
threads in anaphase by unravelling centromeric chromatin 
and limiting histone association. Our studies thus reveal 
hitherto underappreciated functions of DNA repair enzymes 
in remodelling condensed chromatin and in preventing DNA 
breakage in mitosis. 

Materials and methods 

Cell culture, transfection, and siRNAs 

HeLa Tet-On (Invitrogen) cells were grown in Dulbecco's modified 
Eagle's medium (Invitrogen) supplemented with 10% fetal bovine 
serum and 10 mM L-glutamine. For cell-cycle arrest in Gl/S or 
mitosis, cells were treated for 24 h with 2mM thymidine or for 16 h 
with lOOng/ml nocodazole, respectively. At 40-50% confluency, 
cells were transfected with plasmids or siRNAs with Effectene 
(Qiagen) or Lipofectamine RNAiMax (Invitrogen), respectively, 
according to the manufacturer's instructions. To establish stable cell 
lines, HeLa Tet-On cells were transfected with pTRE2-Myc-based 
plasmids encoding RNAi-resistant Myc-PICH 4M (contain silent 
mutations resistant to siPICH4). Selection of stable clones was 
performed in the presence of 300 ug/ml hygromycin. The surviving 
clones were screened for the induced expression of Myc-PICH in the 
absence or presence of 1 (ig/ml doxycycline (Invitrogen) . 

For RNAi experiments, the siRNAs were chemically synthesized 
at Dharmacon. The siRNA oligonucleotides used in this study are 
siPICH4, AGGCCAGACUUAAUGAAAAdTdT; siBLM, GGAGCACAUC 
UGUAAAUUAdTdT; siTopo Ilia, GAAACUAUCUGGAUGUGUAdTdT; 
siRMIl, GGCCCAAAUGAAUAAACAAdTdT; and siRMI2, GUAGAA 
GAUUUACACAGGAdTdT. The siRNAs were transfected at a final 
concentration of 1 nM. 

Antibodies, immunoblotting, and immunoprecipitation 

To generate antibodies against PICH, the fragment of PICH (residues 
791-1000) was produced in bacteria as a His 6 -tagged fusion protein 
and purified. The protein was used to immunize rabbits at Yenzym 
Antibodies (South San Francisco, CA). The antisera were purified 
with Affi-Gel beads (Bio-Rad) coupled to the antigen. The 
production of anti-APC2 and anti-Mad2 antibodies was described 
previously (Fang et al, 1998; Tang et al, 2001). The commercial 
antibodies used in this study were as follows: CREST (Immuno Vi- 
sion), anti-BLAP75 /RMI1 (Abeam, ab70525), rabbit anti-BLM 
(Abeam, ab2179), goat anti-BLM (Santa Cruz, sc-7790), anti-Myc 
(Roche, 11667203001), anti-Plkl (Santa Cruz, SC-17783). For 
immunoblotting and immunofluorescence, the antibodies were 
used at a final concentration of 1 ug/ml. 

For immunoblotting, cells were lysed in SDS sample buffer, 
sonicated, boiled, separated by SDS-PAGE, and blotted with the 
indicated antibodies. Horseradish peroxidase-conjugated goat anti- 
rabbit or goat anti-mouse IgG (Amersham Biosciences) was used 
as the secondary antibodies, and immunoblots were developed 
using the ECL reagent (Amersham Biosciences) according to the 
manufacturer's protocols and exposed to film. 

For immunoprecipitation, whole-cell lysate was prepared by 
lysing cells in NP-40 lysis buffer (50 mM Tris-HCl pH 7.7, 150 mM 
NaCl, 0.5% v/v Nonidet P-40, 1 mM DTTand 1 x protease inhibitor 
cocktail) on ice for 15 min, sonicating three times, then centrifuging 
the lysed cells at 16 000g for 15 min at 4°C. Affinity-purified 
anti-PICH or anti-Myc coupled to Affi-Prep Protein A beads (Bio- 
Rad) at a concentration of 1 mg/ml were incubated with the super- 
natants for 2 h at 4 °C. The beads were then washed five times with 



the NP-40 lysis buffer. The proteins bound to the beads were 
dissolved in SDS sample buffer, separated by SDS-PAGE, and 
blotted with the appropriate antibodies. 

Immunofluorescence and live cell imaging 

For immunofluorescence, HeLa Tet-On cells or HeLa Tet-On cells 
expressing H2B-GFP were plated in four-well chamber slides 
(LabTek) and treated as indicated. Cells were fixed with 4% 
paraformaldehyde in 250 mM HEPES pH 7.4, 0.1% Triton X-100 
at 4°C for 20 min. After 3-5 washes over 20 min in PBS, cells 
were permeabilized in 0.5% Triton X-100 for 20 min and then 
washed with PBS. The cells were blocked in PBS plus 5% fetal 
bovine serum followed by a 16-h incubation with the primary 
antibodies. After 3-5 PBS washes over 20 min, cells were incubated 
with fluorescent secondary antibodies (Alexa Fluor 488 or 647, 
Molecular Probes) for 30 min at room temperature. After incuba- 
tion, cells were washed with PBS and their nuclei were stained 
with DAPI (1 (ig/ml). Slides were mounted and viewed with a 
x 100 objective on a Deltavision microscope. All images were 
taken at 0.2 um intervals, deconvolved, and stacked. The images 
were further processed in ImageJ and pseudo-coloured in Adobe 
Photoshop. For quantification, multiple random fields were 
captured and 50-200 cells were counted in each of the three 
independent experiments. 

For live cell imaging, HeLa Tet-On cells stably expressing GFP- 
tubulin and H2B-mCherry were plated in four- well chamber 
coverslips (LabTek), transfected with indicated siRNAs against 
PICH or BLM for 48 h, synchronized at Gl/S by thymidine arrest for 
18 h and released into fresh medium for 5h before filming. For 
visualizing BLM or PICH localization, HeLa Tet-On cells were 
transfected with plasmids encoding GFP-BLM and mCherry-PICH 
for 48 h, synchronized at Gl/S by thymidine arrest for 18 h and 
released into fresh medium for 5 h before filming. Cells were imaged 
in C0 2 -independent medium (Invitrogen) at 37 °C in a humidified 
chamber using a Deltavision microscope. Three Z-stacks were 
acquired every 3 or 5 min for 24 h. Image manipulations (contrast 
enhancement, cropping, and conversion to QuickTime movies) 
were performed with ImageJ. 

Nucleosome sliding assay 

The RSC complex (Rsc2-TAP) and the Chdl-TAP were purified 
through the tandem-affinity purification approach from budding 
yeasts (Li et al, 2005). His 6 -tagged PICH, PICH K128A, PICH HD 
(residues 60-680), PICH-BLM, and PICH-BLM helicase-dead 
mutant were expressed in Sf9 insect cells and purified with the 
Ni 2 + -NTA beads (Qiagen). Mononucleosomes were reconstituted 
with a 32 P-labelled 216 bp DNA including the 601 sequence through 
the octamer transfer method (Owen-Hughes et al, 1999), and gel 
purified as described previously (Li et al, 2007). Sliding assays were 
performed at 37 °C in the sliding buffer (20 mM HEPES pH 7.9, 
50 mM KC1, 10 mM MgCl 2 , 0.5 mM PMSF, 2mM DTT, 0.05% Igepal 
CA-830, 10% glycerol, and 100 |ig/ml BSA) in the presence of 4mM 
ATP or ATPyS. A removing mix of 750 ng calf thymus DNA and 
500 ng oligonucleosomes was added to stop the reactions (Li et al, 
2005). The reaction mixtures were resolved by a native poly- 
acrylamide gel followed by autoradiography. 

SCE assay 

HeLa Tet-On cells were transfected with the indicated siRNAs for 
24 h. The cells were replated and incubated in the presence of 
100 um BrdU for 30 h (two cell divisions). Colcemid (150 ng/ml) was 
added during the final 30 min to enrich for mitotic cells. Cells were 
collected by trypsinization and washed in PBS. Cells were swelled 
in 75 mM KC1 for 16 min at 37 °C, followed by centrifugation. Cell 
pellets were resuspended in fixative (3:1 solution of methanobgla- 
cial acetic acid) and incubated for 20 min at 4 °C. Cells were washed 
in fixative two more times. After the final wash, cells were 
resuspended in fixative and dropped onto cold slides. Slides were 
allowed to air dry in the dark for 2-3 days. Chromosomes were then 
differentially stained for 5 min with 0.1 mg/ml acridine orange 
(Molecular Probes) . Slides were washed extensively for 2 min under 
running water followed by a 1-min incubation and mounting in 
Sorenson Buffer, pH 6.8 (0.1 M Na 2 HP0 4 , 0.1 M NaH 2 P0 4 ). Slides 
were immediately viewed with a x 63 objective on a Zeiss Axiovert 
200 M fluorescence microscope. Images were acquired with a CCD 
camera using Slidebook imaging software (Intelligent Imaging 
Innovations). Images were analysed for the number of SCE by 
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counting the number of crossover events per chromosome. About 
200 chromosomes were scored for each experiment. Three 
independent experiments were performed. 



Helicase assay 

Two 50 nt DNA oligonucleotides were designed to form a 25-bp 
partial duplex when annealed. Before annealing, one oligonucleo- 
tide was 5' 32 P-labelled with T4 polynucleotide kinase (Promega) 
and purified using a Sephadex G50 spin column (Ambion). In all, 
lOpmol labelled, purified oligonucleotide was combined with 
lOOpmol complimentary oligonucleotide in an annealing buffer 
containing 10 mM Tris-HCl pH 7.4 and 10 mM MgCl 2 . The duplex 
substrate was diluted to 10 nM in annealing buffer and stored 
at -20 °C. PICH, BLM, or the PICH-BLM complex was serially 
diluted, and added to a helicase buffer containing 20 mM Tris- 
HCl pH 7.4, 2mM MgCl 2 2mM ATP, O.lmg/ml UltraPure BSA 
(Ambion) , 1 mM DTT, and 1 nM 32 P-labelled replication-fork 
substrate. After a 30-min incubation at 37 °C, TBE DNA loading 
buffer was added. The samples were separated on a native 15% 
acrylamide TBE gel (Bio-Rad). The gel was dried and analysed with 
a phosphoimager. 



Supplementary data 

Supplementary data are available at The EMBO Journal Online 
(http://www.embojournal.org) . 
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